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Abstract: We present an asymmetric bifacial graphene metasurface to realize tunable and 
broadband coherent perfect absorption (CPA) at terahertz (THz) frequencies. The proposed design 
is composed of two dissimilar graphene square patch metasurfaces stacked over an ultrathin 
dielectric substrate. Nonlinear CPA performance without resorting to optical nonlinearities and 
amplification are demonstrated based on wave interference phenomena taking place along and 
inside this subwavelength structure. Broadband asymmetric reflection from opposite directions is 
obtained in the case of single wave illumination. This response acts as a precursor to the presented 
tunable and broadband nonlinear CPA performance and the inverse response to absorption, i.e., 
amplification, when an additional input wave coherently interacts with the opposite propagating 
incident wave. The proposed ultrathin broadband CPA device is expected to be a vital component 
to several new on-chip THz communication devices, such as optical modulators, sensors, 
photodetectors, and all-optical small-signal amplifiers. 
  
1. Introduction 
Graphene, a two-dimensional (2D) conductive material [1], has attracted considerable attention 
for its remarkable optical properties and promising applications in the field of photonics and 
optoelectronics [2–4]. A single graphene monolayer has an extremely low absorptivity of only 
2.3%, which results from its sheet conductivity values [2,5,6]. Many works have been reported to 
increase its absorption by enhancing the light-graphene interaction, such as patterning graphene 
into ribbons, disks or rectangular patches, adopting a grating coupler, and combining graphene 
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with dielectric layers [7–15]. It is noteworthy that the excitation of graphene plasmons has become 
an important platform to achieve enhanced light-matter interactions [11,16–19]. Highly confined 
and tunable surface plasmons at terahertz (THz) frequencies are formed with graphene 
metasurfaces, making graphene an attractive alternative to traditional noble metal plasmonics. 
Recently, many exciting applications based on graphene metasurfaces have been realized, such as 
phase shifters, cloaks, sensors, and polarizers [20–23]. An additional advantageous feature of 
graphene-based devices compared to metal-based conventional plasmonic structures [24,25] is 
their wide frequency tunability range, since graphene’s Fermi level can be modulated usually by 
applying a voltage through electrostatic doping or by chemical processing [26,27].  
On a relevant context, the phenomenon of coherent perfect absorption (CPA) has recently been 
proposed and experimentally realized as the time-reversed counterpart of laser [28–32]. However, 
it has been demonstrated that a narrowband response or single-frequency static (non-tunable) 
operation is the major limitation in the CPA response [6,32–34], since it is the time-reversed 
process of laser. By decreasing the size of the absorbing body or increasing its losses, this 
bandwidth limitation can be relaxed [35,36]. Fortunately, 2D materials can provide a practical 
alternative to the design of ultrathin CPA devices with broader operation bandwidth. CPA systems 
based on graphene metasurfaces achieve enhanced incident light absorption and broader CPA 
bandwidth [37–41]. One more notable feature is the tunability of graphene metasurface-based CPA 
devices by dynamically manipulating the doping level of graphene. Interestingly, we will present 
that asymmetric graphene metasurfaces can further increase the CPA operation bandwidth, due to 
the broadband asymmetric reflection from both sides of the proposed ultrathin absorbing body. 
In this work, we demonstrate tunable and broadband CPA response by using a bifacial graphene 
metasurface illuminated by two counter-propagating incident waves. The proposed metasurface 
design is asymmetric, which is proven that further facilitates the broadband CPA response. We 
first derive general CPA conditions for asymmetric structures by using the scattering matrix 
formalism. Exact formulas for the amplitude ratio and phase difference of the two incident waves 
are derived to achieve CPA, by computing the reflection and transmission coefficients under single 
wave illumination from each side. Tunable CPA performance is realized by manipulating the 
Fermi level of the graphene patches.  
The proposed configuration is a four-port device, consisting of two inputs and two outputs. 
This feature can facilitate a nonlinear optical absorption response and also make the structure to 
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operate as an all-optical passive amplifier [42–45]. The presented structural asymmetry is the key 
characteristic to enhance these interesting phenomena, bringing them in the extremely compact 
subwavelength scale, and making them accessible with realistic excitation configurations. The 
proposed bifacial metasurface design indeed demonstrates tunable and broadband nonlinear CPA 
response without resorting to the nonlinear optical properties of the used materials. It also acts as 
an efficient small-signal amplifier without the use of any active (gain) materials. Interestingly, the 
presented strong amplification effect is the inverse response compared to absorption. The 
asymmetric bifacial graphene metasurface system can amplify the signal over a broad frequency 
range in an efficient way with the addition of a tunable performance, which are advantageous 
features compared to previous works [44]. Both nonlinear and amplifying phenomena are based 
on wave interference effects along and inside the proposed subwavelength metasurface and not in 
the materials composing the presented structures. The presented work is expected to facilitate the 
design of several new compact and planar devices operating at THz frequencies, including 
modulators, sensors, detectors, and all-optical small-signal amplifiers. 
 
2. Theory 
The proposed broadband CPA design is composed of two graphene square patch arrays acting 
as THz resonators stacked over a subwavelength thick dielectric layer, as shown in Fig. 1. Two 
counter-propagating waves are used to illuminate the bifacial metasurface. The period of both 
metasurfaces is P. The lengths of the graphene square patches in the back and front sides are L1 
and L2, respectively. The electric fields 1outE  and 2outE  of the outgoing waves are linked to the 
incident waves 1inE  and 2inE  through the scattering matrix S  via the formula: 
                                                  1 in1 1 1 in1
2 in 2 2 2 in 2
out
out
E E r t E
S
E E t r E
       
= =       
      
                                     (1) 
 
where 1 2,r r  and 1 2,t t  are the reflection and transmission coefficients when the metasurface is 
excited by the back or front sides with incident waves 1inE  and 2inE , respectively. Note that the 
transmission coefficient is equal from both incident directions ( )1 2t t t= =  because reciprocity is 
not broken by this configuration. The relationship between the two input waves is expressed by 
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using their ratio given by the complex variable: 1 2in inE Eα = . As a result, the electric fields 1outE  
and 2outE  of the outgoing waves become functions of just one incident wave:  
                                                             1 1 2
2 2 2
( )
( )
out in
out in
E r t E
E t r E
α
α
= +
= +
                                                    (2) 
 
The CPA operation implies that the outgoing waves need to be completely vanished, i.e., 
1 2 0out outE E= = . In order to quantitatively investigate CPA, we define the output coefficient Θ  as 
the ratio of the total intensity of both output waves to that of the input waves [46,47]: 
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CPA is achieved when the output coefficient Θ  becomes zero. The conditions to achieve CPA are 
derived by Eq. (3) to be:  
  
                                                        1 2/ /t r and r tα α= − = −                                               (4) 
 
where α  is the ratio of the input waves. This complex variable can be rewritten as: | | ie ϕα α=  , 
where ϕ  is the phase difference between 1inE  and 2inE . Thus, in order to realize CPA, we need to 
optimize the proposed structure to get specific reflection and transmission coefficients from each 
side illumination and meet the CPA conditions given by Eq. (4). Note that the asymmetry in 
reflection arises from the two different metasurfaces used in the bifacial design and will be utilized 
to facilitate the achievement of the tunable, broadband and nonlinear CPA response and the 
presented amplifying performance.  
 
3. Results and Discussion 
The graphene is sufficiently thin compared to the wavelength used in this work. Thus, it is 
modelled as an ultrathin sheet with complex surface conductivity gσ  that can be tuned by chemical 
doping or external electric field bias [48,49]. A surface current is excited along each graphene 
patch by the incident waves. The conductivity of graphene is commonly described by the Kubo 
formula [50], consisting of both interband and intraband electron transitions. In this work, we 
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ignore the interband transitions because the device is designed to operate at THz frequencies below 
the interband transition threshold, leading to blocked interband transitions [7,51]. The complex 
surface conductivity, arising from the intraband electron transition, is well described by using a 
Drude expression [52]: 2 2( ( 2 ))g Fie E iσ π ω= − − Γ , where e  is the electron charge, FE  is the 
doping level or Fermi level,   is the reduced Plank constant, 2 fω π=  is the angular frequency, 
and Γ  is the phenomenological scattering rate, given by 2F Fev EµΓ = , where / 300Fv c≈  is the 
Fermi velocity and 21m Vsµ =  is the measured DC mobility, consisting typical values for 
graphene [53]. These formulas are valid for the currently used room temperature simulations. 
In the proposed design, the monolayer graphene is patterned into a periodic array of patch 
resonators with different dimensions at each side. The period of the square unit cell is P= 7.6um, 
the side lengths of the graphene square patches on the back or front side are L1=7.4um and L2=5um, 
respectively. The thickness of the dielectric layer between the two asymmetric graphene patch 
arrays is t=2um and its dielectric permittivity is 2.25ε = , similar to silica. The dielectric material 
used is lossless but improved CPA performance will be achieved in case a lossy dielectric material 
will be utilized in the proposed metasurface design. Thinner dielectric layers can also be used but 
this will reduce the total asymmetry of the proposed structure, thus making the obtained CPA 
response more narrowband. Thicker dielectric layers will not significantly affect the presented 
broadband CPA response, as well as larger periodicity values. The Fermi level of the graphene 
monolayer is fixed to 0.4 eV. We will keep using the same parameters and normal incident angle 
illumination scenario during this work unless otherwise specified. The schematic of the proposed 
design is shown in Fig. 1. COMSOL Multiphysics [54] is employed to optimize this design and to 
numerically simulate the transmission, reflection, and absorption coefficients under single wave 
illumination and the coherent absorption performance under two counter-propagating incident 
waves.  Periodic boundary conditions are utilized in the x- and y- direction, while port boundaries 
are placed in the z-direction to create the counter-propagating incident waves. In the case of a 
potential experimental characterization, the proposed design can be fabricated by using 
conventional fabrication techniques, such as chemical vapor deposition and electron-beam 
lithography [55,56]. In addition, ion gel with low relative permittivity of 1.82 can be used to serve 
as the gate dielectric material on top of the graphene metasurfaces. Two gold gate contacts can be 
fabricated on the ion gel layers [27,57–59], as shown in the inset of Fig. 1, to apply voltage, dope 
6 
 
the graphene, and, as a result, tune the bifacial metasurface response. Due to the thin thickness and 
low permittivity of the ion gel layers, their effect on the performance of the system was found to 
be negligible (not shown here) and is ignored in our simulations. 
The computed reflection, transmission and absorption coefficient spectra of the presented 
structure under a single incident transverse magnetic (TM)-polarized wave at normal incidence are 
shown in Fig. 2 for back (a) and front (b) side illumination. Note that the presented structure will 
also exhibit identical response to transverse electric (TE)-polarized illumination, since square 
patches are used. Hence, the presented metasurface can work for both polarizations, a major 
advantage for several potential applications  [20–23]. Close to 50% absorption is achieved in a 
broad frequency range for both directions of the single incident wave, as it is shown in Fig. 2. The 
50% absorption value limit demonstrates critical coupling. This is the maximum absorption that 
can be attained by an ultrathin symmetric subwavelength structure [60]. Note that thanks to the 
currently proposed extremely asymmetric design, the absorption in the case of front side 
illumination breaks the 50% absorption bound [10]. This effect lays the groundwork to realize the 
currently presented broadband CPA response. The transmission and reflectioncoefficients for back 
side illumination are  1 25.9%T =  and are 2 25.9%T =  and 2 21.4%R =  for front side illumination 
at the same frequency. The transmission from both sides is identical because reciprocity is not 
broken with this configuration. However, reflection is different due to the structural asymmetry, 
leading to the presented nonlinear CPA response. 
Next, we launch two counter-propagating TM-polarized incident waves from the front and back 
sides of the bifacial metasurface. We vary the phase difference ϕ between the two incident waves 
and compute the metasurface CPA response. The amplitude | α |, which is equal to the ratio of Ein1 
over Ein2, is chosen to be to be approximately 0.9, to fulfill the CPA conditions described by Eq. 
(4). The computed output coefficient, as a function of frequency and phase difference between the 
two input waves, is shown in Fig. 3(a). Nearly perfect absorption is obtained over a broad 
frequency range by using a wide phase difference ϕ range. Notable, the output coefficient is 
modulated from zero at the CPA frequency of 2.4 THz to 99.6% by adjusting the phase difference 
between the two incident waves, as seen in Fig. 3(a). Hence, the input signals are modulated from 
being completely absorbed by the proposed ultrathin device to passing almost unaffected 
(completely transparent device). This result can lead to several potential applications, such as 
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planar THz modulators or graphene-based coherent photodetectors [61,62]. The modulation depth 
[28], defined as the ratio of the maximum  output coefficient to the minimum one, can reach values 
as high as 5000, which is impressive,  given that the thickness of the proposed device is 1/60 of 
the operating wavelength. The phase difference value of the two incident waves is fixed to ϕ = 10° 
to calculate the corresponding output coefficient only as a function of frequency. This particular 
phase value is chosen because it corresponds to the best absorption performance, where destructive 
interference between the two incident waves occurs. The result is shown in Fig. 3(b), where the 
broadband CPA response is obvious. Coherent absorption with large values 90%≥  is obtained 
over a broad frequency range, from 2 THz to 3.5 THz, interestingly by using an extremely 
subwavelength thin structure. The broadband coherent absorption response is due to the 
hybridization and coupling of the narrowband resonant CPA responses of the front and back 
graphene metasurfaces with different side lengths L1 and L2, respectively. Thus, asymmetry in the 
structure is required to achieve a broadband CPA response since a symmetric bifacial graphene 
metasurface design will only exhibit CPA at a single resonant frequency point. 
Tunability is a unique feature to graphene that enables dynamical control in the coherent 
absorption of the proposeddevice by controlling its Fermi level. In order to investigate the Fermi 
level’s effect on the CPA performance, we plot the distributions of the output coefficient when 
FE  varies from 0.05 to 0.95 eV and the incident frequency from both sides is swept from 1 to 5 
THz. The result is shown in Fig. 4(a). Note that the Drude expression of graphene conductivity 
still works in this THz frequency range, where interband transitions are absent. Furthermore, we 
keep using the same α  complex value  *100.9 ieα =

 utilized to produce the results shown in Fig. 
3(b), which defines the relation between the two counter-propagating incident waves. It is 
demonstrated in Fig. 4(a) that the Fermi level has a large impact on the output coefficient value. 
First, a substantial blue shift in the resonant frequency is observed as the Fermi level increases. 
This is in agreement with the general relationship between resonant frequency and Fermi level in 
graphene patches that can simply be expressed as /r Ff E L∝  [22,63], where L is the side length 
of each graphene patch. Second, the Fermi level variation can alter the output coefficient at the 
resonance because it effectively changes graphene’s properties. Finally, we derive from Fig. 4(a) 
that broadband CPA can be achieved between 0.3 to 0.5 eV, which are moderate doping level 
values. Hence, impractically high doping graphene values are not required for the current tunable 
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and broadband CPA design. As a result, it is not required to increase the applied gate voltage, 
which is proportional to the Fermi level values, significantly to obtain the presented broadband 
CPA performance. 
Next, we analyse the graphene’s DC mobility effect on the proposed asymmetric metasurface’s 
CPA response. This feature characterizes the electronic quality of graphene and determines the 
phenomenological scattering rate Γ  that can be affected by many factors, such as temperature, 
Fermi level and graphene sample quality [64]. Figure 4(b) shows the output coefficient of the 
proposed device as a function of DC mobility and incident frequency. We choose to vary the DC 
mobility from 0.05 to 1 m2/Vs even though it has been reported that mobility values higher than 
220m Vs  are possible when extrinsic disorder in graphene’s exfoliation process is eliminated [65]. 
We keep the Fermi level constant and equal to 0.4FE eV=  in the results presented in Fig. 4(b). It 
is obvious that the CPA resonance is almost constant when we vary the mobility from 0.05 to 
21m Vs . Moreover, the output coefficient decreases to zero for some frequencies when the 
mobility increases to 20.4m Vs and beyond. Hence, CPA can always be obtained with mobility 
values higher than 20.4m Vs . These relative low mobility values can be easily implemented by 
using conventional graphene exfoliation approaches. Hence, no special requirements are expected 
during the potential fabrication process of the proposed bifacial graphene metasurface. By 
inspecting the results in Fig. 4, we conclude that the most efficient way to modulate the CPA 
response of the proposed structure is to tune graphene’s Fermi level. 
According to the theoretical analysis presented in section 2, the ratio value α  of the two 
counter-propagating input waves plays an important role in realizing the presented broadband CPA 
performance. Figure 5 confirms this conclusion and, interestingly, demonstrates that this ratio can 
control the CPA response in a nonlinear way due to the current structurally-asymmetric 
metasurface design. Hence, we calculate the output coefficient as a function of frequency and the 
amplitude ratio | |α  and the result is shown in Fig. 5(a). The phase difference between the two 
counter-propagating waves is fixed to 10  at this plot, similar to the value used in Fig. 3(b). 
Coherent absorption values 90%≥  are obtained over a broad frequency range from 2.1 to 3.2 THz 
when the amplitude ratio is larger than the value 0.48. By using smaller amplitude ratios, greater 
difference between the two input waves exists, leading to weaker destructive interference. As a 
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result, it is impossible to achieve CPA with small amplitude ratios. However, the small amplitude 
regime will be used to achieve the inverse counterpart of absorption, i.e., amplification, as it will 
be demonstrated later in this paper.  
The effect of phase difference ϕ  is further investigated in Fig. 5(b). This figure illustrates the 
output coefficient as a function of the amplitude ratio | |α  under dissimilar phase difference values 
ϕ . In this case, the frequency of the two incident waves is fixed to 2.4 THz. The CPA performance 
is evident when the amplitude of the ratio and the phase difference of the incident waves are 
| | 0.9α =  and 10ϕ =  , respectively. Note that the 0ϕ =   case is also plotted in Fig. 5(b) and is 
found to have slightly higher output coefficient values compared to the 10ϕ =   scenario. The other 
interesting point is that perfect transmission can be realized with the same device by using 
dissimilar phase difference ϕ values. For example, the output coefficient can reach to 1 when the 
phase difference is 180ϕ =   and the amplitude ratio is | | 1.1α = , which is clearly depicted in Fig. 
5(b). Interestingly, the proposed device can be tuned in a nonlinear fashion, as illustrated in Fig. 
5(b), by varying both the amplitude and phase of the parameter α  computed by the ratio of the 
two counter-propagating input waves. This nonlinear tunable response is caused by purely light 
interference effects (light-light interactions [44]) and not due to the optical nonlinearity of the used 
materials, which is usually very weak and requires high input intensities to be excited. Note that 
the presented nonlinear response is a direct consequence of the proposed structure’s geometrical 
asymmetry and cannot be achieved by symmetric configurations. 
When two different incident waves 1inE  and 2inE  illuminate the proposed device from both 
sides, asymmetric devices can reach and operate in the small-signal amplificationregime, which is 
analogous to the field effect transistor (FET) amplifier operation but now working for light (all-
optical operation) [66]. In this scenario, the intensity 2inI  of the incident wave 2inE  from the front 
side is fixed and the intensity 1inI  in the other side plays the role of the small input signal, acting 
as a probe, which will be used to amplify the total output response. The output signal intensity 
1outI  from the back side is computed to demonstrate the amplifying performance of the presented 
asymmetric device. The gain coefficient G  of the proposed amplifier is defined to demonstrate 
the amplification response in a quantitative way. It is computed by the derivative of 1outI  with 
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respect to 1inI  and is expressed as: 1 1out inG dI dI=  [44]. This formula is combined with Eq. (2) and 
1 2in inE Eα = , leading to the final gain coefficient equation: 
                                                         21 1| | Re{ }/ | |
iG r r t e ϕ α∗= +                                              (5) 
 
By inspecting the derived Eq. (5), it can be concluded that the gain coefficient G  can become 
infinitely large if α  becomes infinitesimal small. This conclusion is consistent with the results 
obtained by full-wave simulations and shown in Fig. 6(a), where the gain coefficient is computed 
and plotted as a function of the amplitude ratio between the two input waves. In this case, the phase 
difference between the two incident waves is fixed to 180ϕ =  , where perfect constructive 
interference between the two incident waves is achieved leading to amplification, which is the 
inverse response compared to absorption that was caused due to destructive interference, as was 
shown before. The used frequency is f = 2.4 THz, where the maximum output coefficient is 
obtained, as it was demonstrated before in Fig. 5(b). However, we need to emphasize that the 
system will have no gain if α is reduced to zero. It is worth noting that the gain can always be 
larger than 1 only when 0 | | 0.3α< ≤ , as verified by the zoomed-in inset plot in Fig. 6(a). 
Importantly, the phase response, defined as the phase difference between the input 1inE and output 
1outE  waves, is kept constant when the amplitude ratio | |α  varies, as shown in Fig. 6(a) (dashed 
line), implying that the amplified output wave is always in-phase with the input signal, a very 
important functionality to achieve a successful amplification process. 
In order to further investigate the broadband nature of the obtained gain coefficient of the 
presented four-port all-optical THz amplification device, we calculate the gain response as a 
function of frequency. The result is presented in Fig. 6(b), where the ratio between the two input 
waves is fixed to 1800.1 ieα ∗=

. The gain coefficient keeps its highest value (equal to 3) over a 
broad frequency range from 2.2 to 3.1 THz. Moreover, the gain can always be larger than one in 
an even broader frequency range from 1.3 THz to 5.9 THz. Hence, the THz signal can be amplified 
within the broad bandwidth of 4.6 THz, indicating that the proposed device can work as an 
efficient, broadband and ultrathin all-optical amplifier. Finally, it is important to mention that the 
presented broadband amplifying response is not possible to be achieved by using symmetric CPA 
devices. 
11 
 
 
4. Conclusion 
Summarizing, we have investigated and shown tunable and broadband CPA response based on 
an asymmetric bifacial graphene metasurface design with ultrathin subwavelength dimensions. We 
have also demonstrated the nonlinear response of this device under illuminations with different 
intensities from both front and back sides. Thanks to the asymmetric light interference, the 
reflection spectra is different from opposite sides of the proposed device in the case of single wave 
illumination. This effect happens over a broad frequency range from 2 THz to 3.5 THz and leads 
to 90%≥  broadband coherent absorption when two counter-propagating incident waves are 
considered. By dynamically controlling the Fermi level and the DC mobility of graphene, tunable 
broadband CPA response is demonstrated. In addition, and more importantly, nonlinear CPA 
response and amplification performance are obtained based on the proposed ultrathin asymmetric 
design. Almost perfect absorption is attained over a wide frequency range with the amplitude of 
the two incident waves ratio being larger than 0.48. However, smaller amplitude ratios lead to the 
presented strong amplification performance, consisting the inverse operation compared to 
absorption. These interesting effects are based on the nonlinear response of the proposed structure 
due to strong interference between the incident waves (light-light interactions) and not the usually 
weak nonlinear material properties. The designed asymmetric bifacial graphene metasurfaces can 
amplify the signal in an efficient way and over a broad frequency range. Potential applications of 
the proposed ultrathin compact THz device are modulators, sensors, coherent photodetectors, and 
all-optical small-signal amplifiers.  
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Figures 
 
Figure 1. Unit cell design of the asymmetric bifacial metasurface made of different size periodic 
graphene patches. The inset presents the schematic of an ion gel-gating approach to dope the 
graphene and tune the asymmetric bifacial graphene metasurface response. 
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Figure 2. Transmission, reflection and absorption coefficient spectra of the proposed structure 
excited by a normal incident TM-polarized wave impinging from the (a) back (Ein1) and (b) front 
(Ein2) directions. 
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Figure 3. (a) Output coefficient of the proposed device as a function of frequency and the phase 
difference of the two incident waves. The minimum output coefficient is obtained at the frequency 
of 2.4 THz when using a phase difference of ϕ = 10°.  (b) Output coefficient as a function of 
frequency under phase difference ϕ = 10°. This result is the cross-section plot following the dashed 
line in caption (a). 
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Figure 4. Output coefficient of the proposed device as a function of frequency and (a) Fermi level 
or (b) DC mobility of graphene. 
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Figure 5. (a) Output coefficient of the proposed device as a function of frequency and amplitude 
ratio |α|. The phase difference is fixed to ϕ = 10°. (b) Dependence of output coefficient on the 
incident wave ratio | α | and the phase difference ϕ. Nonlinear CPA response is achieved due to 
the asymmetric geometry of the proposed device. 
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Figure 6. (a) Gain coefficient and phase response between input and output waves as a function of 
the asymmetric amplitude ratio | α |. (b) Gain coefficient as a function of frequency by using a 
fixed ratio between the two input waves: α = 0.1ei*180°. 
 
